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Abstrat
If new leptons exist lose to the eletroweak sale, they an be produed in
pairs at LHC through standard or new interations. We study the prodution of
heavy lepton pairs in SM extensions with: (i) a Majorana or Dira lepton triplet,
as those appearing in type-III seesaw; (ii) a lepton isodoublet (N E)L,R; (iii)
a harged isosinglet EL,R; (iv) a Majorana or Dira neutrino singlet N and an
additional Z ′ gauge boson. It is shown that the trilepton nal state ℓ±ℓ±ℓ∓, whih
has a small SM bakground, onstitutes the golden hannel for heavy neutrino
searhes, being very sensitive to Majorana or Dira neutrinos in triplet, doublet or
singlet SU(2)L representations. For higher luminosities, signals in this nal state
an also distinguish lepton triplets from doublets and singlets. The Majorana
or Dira nature of the heavy neutrinos is revealed by the presene or not of
like-sign dilepton ℓ±ℓ± signals without signiant missing energy. Notably, large
ℓ±ℓ± signals but with large missing energy are harateristi of Dira triplets,
distinguishing them from the other two models with a heavy Dira neutrino.
Further disrimination is ahieved with the analysis of the lean ℓ+ℓ+ℓ−ℓ− nal
state.
1 Introdution
Being a disovery mahine, the Large Hadron Collider (LHC) will hopefully unover
any new physis lose to the eletroweak sale. In partiular, the several variants of the
seesaw mehanism proposed to explain light neutrino masses an be tested [1, 2℄. In
ase that one of these mehanisms is responsible for the light neutrino mass generation
and seesaw messengers exist around the TeV sale or below, positive signals ould be
observed at LHC.
There are three types of tree-level seesaw whih an originate light neutrino Majo-
rana masses. The original seesaw [36℄, also known as seesaw I, introdues right-handed
neutrino singlets N . Seesaw II [711℄ enlarges the SM with a omplex salar triplet ∆
with hyperharge Y = 1, whih ontains three salars ∆±±, ∆±, ∆0. Seesaw III [12,13℄
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introdues lepton triplets Σ with Y = 0, eah ontaining a harged lepton E and a
neutral one N . In these three seesaw mehanisms, the lepton number violating (LNV)
operator [14℄
(O5)ij =
Cij
Λ
LciLφ˜
∗φ˜†LjL , (1)
is generated after integration of the heavy degrees of freedom, where LiL are the SM
lepton doublets with i a avour index, and φ is the SM Higgs. Subsequently, when
eletroweak symmetry is spontaneously broken, this operator gives light neutrino Ma-
jorana masses. The sale at whih this operator is generated (i.e. the mass sale of the
seesaw messengers) is not neessarily very high but it might happen that it is around
the TeV. In this ase, the new leptons predited in models of type-I and type-III seesaw
might be produed at LHC.
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For seesaw III, if the new heavy states E, N have masses
up to several hundreds of GeV, they an be produed and observed at LHC already at
the low luminosity phase [1℄. For seesaw I, the prodution of heavy neutrino singlets N
through SM interations is very suppressed beause of the small heavy neutrino mix-
ing with SM partiles, and signals are unobservable exept for relatively light masses
around 150 GeV [21℄. However, if new interations exist, either W ′ bosons [2226℄,
Z ′ bosons [2730℄ or new salars [31, 32℄, heavy neutrino singlets an be opiously
produed, either singly or in pairs depending on the model.
The observability of the seesaw IIII signals and the disrimination among these
models has been investigated in Ref. [1℄. There, an exhaustive analysis of all nal
states was arried out with a omplete signal and bakground alulation, and the
harateristi features of eah seesaw model were highlighted. In this paper we will
perform a omplementary analysis. Our main objetive here is to identify the relevant
signals whose observation or non-observation would disriminate among dierent mod-
els with new heavy leptons. In partiular, we want to design a strategy to determine
if new leptons eventually observed at LHC ould mediate a type-I or type-III seesaw
mehanism. We will study heavy lepton pair prodution
pp→ E+E− ,
pp→ E±N ,
pp→ NN , (2)
where E generially denotes a heavy harged lepton and N a neutral one, in several
SM extensions with new leptons in dierent SU(2)L representations. We onsider the
following additions to the SM partile ontent:
1
In seesaw II the salars predited an also be produed and observed in this mass range [1℄ (see
also Refs. [1520℄).
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(1) A Majorana lepton triplet Σ, ontaining a harged lepton E and a Majorana
neutrino N . Generially, three suh triplets appear in minimal seesaw III reali-
sations, but as in previous studies [1℄ we restrit our alulations to the lightest
one.
(2) A Dira lepton triplet Σ. This is an alternative to the minimal seesaw III in
whih two (quasi-)degenerate Majorana triplets Σ1, Σ2 with opposite CP parities
form a (quasi-)Dira triplet Σ [2℄, in analogy with the sometimes alled inverse
type-I seesaw with heavy Dira neutrinos [3336℄. In this ase the heavy states
are two harged leptons E−1 , E
+
2 and a Dira neutrino N .
(3) A lepton isodoublet (N E)L,R, in whih the heavy neutrino N is likely to have
(quasi-)Dira harater. A lepton isodoublet annot generate the operator in
Eq. (1) but this does not exlude the possibility that they exist, independently
of the neutrino mass generation mehanism.
(4) A harged lepton isosinglet E, whih an also exist independently of the neutrino
mass generation.
(5) A Majorana singletN and an extra gauge boson Z ′. For deniteness we work with
an E6 model with a leptophobi Z
′
λ boson and heavy Majorana neutrinos [27℄,
assuming that only one of them, with mass mN < MZ′
λ
/2, an be produed in
Z ′λ deays. But the results obtained here are general beause the relative rate of
the multi-lepton signals produed in pp → Z ′ → NN is only determined by the
heavy Majorana neutrino deay hannels, and the partiular type of Z ′ boson
onsidered only aets the total prodution ross setion. Therefore, the results
shown here an be applied to other models [28, 29℄ with a trivial resaling.
(6) A Dira singlet N , formed by two Majorana singlets, and an extra Z ′ boson. We
work with the same model in Ref. [27℄ but assuming that two Majorana neutrinos
form a (quasi-)Dira neutrino.
In all the models enumerated above, one or more heavy lepton pairs E+E−, E±N ,
NN an be produed in hadron ollisions. Moreover, in the ase of lepton doublets
and triplets the two states E, N are almost degenerate in mass. But beause the pro-
dution proesses and espeially the heavy lepton deay hannels are dierent in eah
model, the nal state signatures are harateristi and the models an be distinguished
already at LHC, without the need of preise measurements at a future ollider like
ILC. The model disrimination relies on the simultaneous analysis of dierent nal
states with two, three and four leptons, and the reonstrution of peaks in invariant
3
mass distributions. We will nd that the trilepton signal ℓ±ℓ±ℓ∓, with ℓ = e, µ, is
ommon to all models introduing a heavy neutrino,
2
and has a small SM bakground.
Therefore, it onstitutes the golden hannel for heavy neutrino searhes at LHC, in
partiular for the searh of seesaw messengers. Moreover, the study of this hannel
an also reveal if a heavy neutrino eventually observed belongs to a triplet or not.
Its Dira or Majorana nature an be determined in the like-sign dilepton nal state:
the observation of a ℓ±ℓ± signal without missing energy learly indiates its Majorana
harater whereas the absene of suh signal points towards one of the other models.
Like-sign dileptons but with large missing energy an distinguish Dira triplets, whih
give a large and observable signal, from Dira doublets and singlets whih give muh
smaller ones. Finally, the model identiation is ompleted with the analysis of four
lepton signals and the searh of a resonane in the total invariant mass distribution.
We must point out that the models onsidered in this paper do not exhaust all
possibilities for the addition of heavy leptons and/or new interations to the SM, but
rather onstitute the ases in whih model disrimination seems hardest beause the
heavy leptons are nearly degenerate, they always deay into a light lepton plus a W , Z
or H boson and their harge annot be measured in hadroni deays. Two possibilities
not overed here, in whih model disrimination is easier, are:
• A fourth SM generation of hiral leptons. In this ase, the mass splitting be-
tween the mass eigenstates is expeted to be large to be onsistent with pre-
ise eletroweak data [3739℄, unlike in the ases examined here. Apart from
this distintive harateristi, the leading deay of the harged lepton would be
E → W ∗N , so that E+E− prodution would produe events in whih the mass
resonanes have more jets than in the models disussed here. Moreover, anomaly
anellation requires the presene of new quarks with masses of few hundreds of
GeV (or new fermions with the same quantum numbers, giving rise to observable
resonanes [39℄), whih would be produed in pairs and observed already with a
relatively small luminosity [40, 41℄.
• A Majorana neutrino oupling to a new W ′ boson, as for example those appear-
ing in left-right models. In this ase the heavy neutrino an be produed in
assoiation with a light lepton,
pp→W ′ → ℓN . (3)
This proess gives signals with up to three harged leptons in some regions of
parameter spae [26℄, but they an be learly distinguished from heavy lepton pair
2
It an also appear in the ase of the E singlet but with a very small branhing ratio.
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prodution by the reonstrution of only one heavy resonane whih, together
with an energeti light lepton, produes a Jaobian peak at the W ′ mass.
In this work we do not onsider salar triplet prodution (seesaw II) either, whih gives
signals kinematially very dierent with sharp peaks in like-sign dilepton invariant
mass distributions. It is interesting, however, to note that in seesaw II the trilepton
signals are the most important as well [1℄. Multi-lepton signals an also appear in pair
prodution of new quarks [42℄ but they an be easily distinguished from the models
studied here by mass reonstrution and also by the presene of signiant single lepton
signals with several b-tagged jets.
The struture of this paper is as follows. After this introdution, we briey sum-
marise in setion 2 the relevant Lagrangian terms, the prodution proesses at LHC
and the deay hannels of the heavy leptons in the models studied. In setion 3 we
desribe how the signals and bakgrounds are simulated. The results for the ℓ±ℓ±ℓ∓,
ℓ±ℓ± and ℓ+ℓ+ℓ−ℓ− nal states are presented in setions 46. Setion 7 summarises
these results and shows expliitly how the six models onsidered in this work an be
distinguished. We draw our onlusions in setion 8. In appendix A we give the partial
widths for heavy lepton deays in the dierent models studied.
2 Desription of the models
Here we present the dierent models studied in turn, olleting the interations relevant
for our analysis and enumerating the prodution proesses at LHC and the allowed
deay hannels of the heavy leptons. At the end of this setion we summarise the main
features and ompare among the dierent models.
2.1 A Majorana lepton triplet
The relevant Lagrangian for any number of Majorana triplets Σi has been previously
given in Ref. [1℄, and we follow the notation in that work. For a single triplet Σ, the
interations of the heavy leptons E, N with SM leptons l, νl is, at rst order in the
light-heavy mixing VlN ,
LW = −g
(
E¯γµN W−µ + N¯γ
µEW+µ
)
− g√
2
(
VlN l¯γ
µPLN W
−
µ + V
∗
lN N¯γ
µPLl W
+
µ
)
− g (VlN E¯γµPRνl W−µ + V ∗lN ν¯lγµPRE W+µ ) ,
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LZ = gcW E¯γµE Zµ
+
g
2cW
ν¯lγ
µ (VlNPL − V ∗lNPR)N Zµ
+
g√
2cW
(
VlN l¯γ
µPLE + V
∗
lN E¯γ
µPLl
)
Zµ ,
Lγ = e E¯γµE Aµ ,
LH = g mN
2MW
ν¯l (VlNPR + V
∗
lNPL)N H
+
gmE√
2MW
(
VlN l¯PRE + V
∗
lN E¯PLl
)
H . (4)
Heavy lepton pairs are produed by the gauge ZEE, γEE and WEN interations,
qq¯ → Z∗/γ∗ → E+E− ,
qq¯′ →W ∗ → E±N , (5)
(note that there are no ZNN interations beause the triplet has zero hyperharge,
and NN pairs are not produed). The heavy leptons E, N deay to SM leptons plus
a gauge or Higgs boson:
E+ → νW+ , E+ → l+Z , E+ → l+H ,
N → l−W+ , N → l+W− , N → νZ , N → νH . (6)
The two heavy states are nearly degenerate in mass, with a small splitting due to
radiative orretions, and the deays between the heavy states are very suppressed [43℄.
2.2 A Dira lepton triplet
A (quasi-)Dira lepton triplet is formed by two (quasi-)degenerate Majorana ones with
opposite CP parities. As it was shown in Ref. [2℄, the heavy elds an be redened in
suh a way that the Lagrangian is written in terms of two harged leptons E−1 , E
+
2 (the
fermion is positively harged in the seond ase) and a Dira neutrino N , and lepton
number is onserved up to eets of the order of light neutrino masses. At rst order
in VlN we have
LW = −g
(
E¯−1 γ
µN − N¯γµE+2
)
W−µ − g
(
N¯γµE−1 − E¯+2 γµN
)
W+µ
− g√
2
(
VlN l¯γ
µPLN W
−
µ + V
∗
lN N¯γ
µPLl W
+
µ
)
+ g
(
VlN ν¯lγ
µPLE
+
2 W
−
µ + V
∗
lN E¯
+
2 γ
µPLνl W
+
µ
)
,
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LZ = gcW
(
E¯−1 γ
µE−1 − E¯+2 γµE+2
)
Zµ
+
g
2cW
(
VlN ν¯lγ
µPLN + V
∗
lN N¯γ
µPLνl
)
Zµ
+
g√
2cW
(
VlN l¯γ
µPLE
−
1 + V
∗
lN E¯
−
1 γ
µPLl
)
Zµ ,
Lγ = e
(
E¯−1 γ
µE−1 − E¯+2 γµE+2
)
Aµ ,
LH = gmN
2MW
(
VlN ν¯lPRN + V
∗
lN N¯PLνl
)
H
+
g mE1√
2MW
(
VlN l¯PRE
−
1 + V
∗
lN E¯
−
1 PLl
)
H . (7)
Heavy lepton pairs are produed by the gauge ZEiEi, γEiEi and WEiN interations,
qq¯ → Z∗/γ∗ → E+i E−i ,
qq¯′ →W ∗ → E±i N , (8)
Sine there are two harged fermions instead of only one (and a Dira neutrino is
equivalent to two Majorana ones), the total heavy lepton prodution ross setion
is twie larger than for a Majorana triplet. The deays have some dierenes with
respet to a Majorana triplet beause E−1 does not ouple to light neutrinos, E
+
2 does
not ouple to light harged leptons and N deays onserve lepton number. Thus, the
allowed ones are
E−1 → l−Z , E−1 → l−H , E+2 → νW+ ,
N → l−W+ , N → νZ , N → νH . (9)
2.3 A lepton isodoublet
The Lagrangian for a lepton isodoublet an be found in Ref. [44℄. With our notation,
the terms involved in heavy lepton prodution and deay are, at rst order in VlN ,
LW = − g√
2
(
E¯γµN W−µ + N¯γ
µE W+µ
)
− g√
2
(
VlN l¯γ
µPRN W
−
µ + V
∗
lN N¯γ
µPRl W
+
µ
)
LZ = − g
2cW
(
[−1 + 2s2W ]E¯γµE + N¯γµN
)
Zµ
+
g
2cW
(
VlN l¯γ
µPRE + V
∗
lN E¯γ
µPRl
)
Zµ ,
Lγ = e E¯γµE Aµ ,
LH = g mE
2MW
(
VlN l¯PLE + V
∗
lN E¯PRl
)
H . (10)
7
Note that the neutrino is likely to be a Dira fermion beause the renormalisable
gauge-invariant doublet mass term
L
mass
= −mD L4RL4L + H.. , (11)
with L4 = (N E)
T
, implies a Dira mass. Additional Majorana masses may appear
from dimension-ve operators,
L5
mass
=
CL44
Λ
Lc
4Lφ˜
∗φ˜†L4L +
CR44
Λ
Lc
4Rφ˜
∗φ˜†L4R . (12)
However, if the physis generating these operators is the same as the one yielding the
light neutrino mass operator in Eq. (1), one would expet that the Majorana mass
terms, of order Cijv
2/Λ, are muh smaller than mD. In this ase, N is a (quasi-)Dira
fermion.
The prodution proesses are the same as for a Majorana triplet but now neutral
pairs are also produed beause they ouple to the Z boson,
qq¯ → Z∗/γ∗ → E+E− ,
qq¯′ →W ∗ → E±N ,
qq¯ → Z∗ → N¯N . (13)
A further dierene is in the size of the ouplings, e.g the oupling to the W boson is
redued by a fator
√
2, and so the E±N ross setion is a fator of two smaller. In
this model the heavy lepton deays are also dierent, being allowed only
E+ → l+Z , E+ → l+H ,
N → l−W+ . (14)
2.4 A harged singlet
The Lagrangian for a harged lepton isosinglet an also be found in Ref. [44℄. In our
notation, and at rst order in the light-heavy mixing VEνl, the relevant terms are
LW = − g√
2
(
VEνl E¯γ
µPLνl W
−
µ + V
∗
Eνl
ν¯lγ
µPLE W
+
µ
)
,
LZ = −gs
2
W
cW
E¯γµE Zµ
+
g
2cW
(
VEνl E¯γ
µPLℓ+ V
∗
Eνl
l¯γµPLE
)
Zµ ,
Lγ = e E¯γµE Aµ ,
LH = − g mE
2MW
(
VEνl E¯PLl + V
∗
Eνl
l¯PRE
)
H (15)
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In this model only harged lepton pairs are produed,
qq¯ → Z∗/γ∗ → E+E− , (16)
whih later deay in the three possible modes
E+ → νW+ , E+ → l+Z E+ → l+H . (17)
2.5 A Majorana neutrino and a Z ′ boson
A heavy Majorana neutrino whih is a singlet under SU(3)×SU(2)L×U(1)Y interats
with SM elds via a small mixing VlN with SM fermions (for a detailed derivation of the
Lagrangian see for example Ref. [45℄). Its interations are therefore suppressed, being
at least of order VlN (ZNN interations are of order V
2
lN). However, the interations
with an extra Z ′ boson are not suppressed if N is not a singlet under the Z ′ gauge
group U(1)′, and are determined by the heavy neutrino harge Q under this extra U(1)′.
At rst order in VlN , the relevant Lagrangian is
LW = − g√
2
(
VlN l¯γ
µPLN W
−
µ + V
∗
lN N¯γ
µPLl W
+
µ
)
,
LZ = − g
2cW
ν¯lγ
µ (VlNPL − V ∗lNPR)N Zµ ,
LH = −g mN
2MW
ν¯l (VlNPR + V
∗
lNPL)N H ,
LZ′ = −g′Q
2
N¯γµγ5N Z
′
µ . (18)
In the model onsidered here [27℄ we have Q = −3, and we have generially denoted
the U(1)′ oupling as g′. We assume that it equals the SM oupling gY of U(1)Y , but
this may hange by renormalisation group evolution eets. Heavy neutrino pairs an
be produed with the exhange of an s-hannel Z ′ boson,
qq¯ → Z ′ → NN , (19)
and the heavy neutrinos deay giving a W , Z or H boson plus a light lepton,
N → l−W+ , N → l+W− , N → νZ , N → νH . (20)
2.6 A Dira neutrino and a Z ′ boson
Finally, in the ase of a (quasi-)Dira neutrino omposed by two (quasi-)degenerate
Majorana neutrinos with opposite CP parities and equal harges Q under U(1)′, the
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relevant Lagrangian is
LW = − g√
2
(
VlN l¯γ
µPLN W
−
µ + V
∗
lN N¯γ
µPLl W
+
µ
)
,
LZ = − g
2cW
(
VlN ν¯lγ
µPLN + V
∗
lN N¯γ
µPLνl
)
Zµ ,
LH = −g mN
2MW
(
VlN ν¯lPRN + V
∗
lN N¯PLνl
)
H ,
LZ′ = −g′QN¯γµγ5N Z ′µ (21)
Heavy Dira neutrino pairs an be produed in the same proess
qq¯ → Z ′ → N¯N , (22)
and the ross setion is twie larger than for a Majorana N beause the symmetry
fator for idential partiles is not present in this ase (the Z ′ → N¯N width is also a
fator of two larger).
3
Heavy neutrino deays are the same exept for the absene of
the LNV one,
N → l−W+ , N → νZ , N → νH . (23)
2.7 Summary
In eah of the preeding subsetions we have indiated the heavy lepton pair prodution
proesses present in eah model. For better omparison of the dierent models, we
summarise in Table 1 the oupling onstants appearing in the prodution verties
involved, oupling two heavy leptons to a gauge boson. From now on we will use the
labels Σ
M
, Σ
D
to refer to the models with Majorana and Dira triplets, respetively,
NE
d
and E
s
for the doublet (N E)L,R and singlet EL,R, and Z
′N
M
, Z ′N
D
for the
SM extensions with a leptophobi Z ′λ boson and a Majorana or Dira neutrino. The
prodution ross setions are presented in Fig. 1 as a funtion of the heavy lepton mass
(as well as the Z ′ mass in the orresponding models). The deay of the heavy leptons
takes plae in the hannels indiated, with partial widths olleted in appendix A
for referene. Nevertheless, the important quantities for LHC phenomenology are the
relative branhing ratios. Summing over light leptons l = e, µ, τ , the branhing ratios
into W , Z and H bosons are independent of the mixing. Their values for mE,N ≫
MW ,MZ ,MH , are olleted in Table 2. This table illustrates the important dierenes
among the models onsidered, whih make the disrimination based on multi-lepton
3
Note that the Feynman rule for Majorana fermions ontains an extra fator of two to aount for
the two possible Wik ontrations, so that the Z ′NN vertex is −ig′Qγµγ5 as in the Dira ase.
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WEN ZEE γEE ZNN Z ′NN
Σ
M
g gcW e 0 
Σ
D
, E−1 g gcW e 0 
Σ
D
, E+2 g gcW e 0 
NE
d
g/
√
2 g/cW (s
2
W − 1/2) e g/(2cW ) 
E
s
 gs2W/cW e  
Z ′N
M
   ∼ 0 g′Q/2
Z ′N
D
   ∼ 0 g′Q
Table 1: Coupling onstants of the gauge verties involved in heavy lepton pair pro-
dution, for the dierent models onsidered (the notation is given in the text). The
labels E−1 , E
+
2 refer to the two harged leptons in the model with a Dira triplet. A
dash indiates that some of the partiles in a vertex does not exist in a given model.
A zero indiates that the partiles exist but they do not ouple.
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Figure 1: Left: Cross setion for heavy lepton pair prodution in dierent models.
For the Dira triplet (Σ
D
) the ross setions are twie larger than for the Majorana
one (Σ
M
). Right: ross setion for heavy Majorana neutrino pair prodution from Z ′λ
deays. For Dira neutrinos the ross setion is two times larger.
signals quite eetive. Note that for masses mE,N = 300 GeV as onsidered in the
following setions, the branhing ratios are already lose to the values presented in this
table.
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E+ → νW+ E+ → l+Z E+ → l+H
Σ
M
0.5 0.25 0.25
Σ
D
, E−1 0 0.5 0.5
Σ
D
, E+2 1 0 0
NE
d
0 0.5 0.5
E
s
0.5 0.25 0.25
N → ℓ−W+ N → ℓ+W− N → νZ N → νH
Σ
M
0.25 0.25 0.25 0.25
Σ
D
0.5 0 0.25 0.25
NE
d
1 0 0 0
Z ′N
M
0.25 0.25 0.25 0.25
Z ′N
D
0.5 0 0.25 0.25
Table 2: Deay branhing ratios of the heavy leptons in the limit mE,N ≫
MW ,MZ ,MH , for the dierent models onsidered (the notation is given in the text).
The labels E−1 , E
+
2 refer to the two harged leptons in the model with a Dira triplet.
3 Multi-lepton signal generation
The analysis pursued in this work, aiming to disriminate among several models all
giving various multi-lepton signals in dierent deay hannels, is somewhat demanding
from the point of view of the simulation. It requires to generate all the signal on-
tributions beause many dierent heavy lepton deay hannels, with the subsequent
W/Z/H deay, an lead to the same harged lepton multipliities. The omplete sig-
nal generation has been done with the program Triada [1℄ extended to inlude the
models with an isodoublet (N E)L,R, an isosinglet EL,R and Z
′
prodution with deay
to a Majorana or Dira neutrino. All the signal proesses enumerated in the previous
setion, with all the possible deays of the heavy leptons E, N and the W/Z bosons,
are inluded. The Higgs boson deay, whih does not arry any spin information, is
left to the parton shower Monte Carlo. Signals have been generated with statistis of
300 fb
−1
and resaled to a referene luminosity of 30 fb
−1
, in order to redue statistial
utuations. The SM bakground, onsisting of the proesses in Table 3, is generated
using Alpgen [46℄ with a Monte Carlo statistis of 30 fb
−1
. Additional SM proesses
whih were previously shown to be negligible after seletion uts [1℄ are ignored in this
work. Signals and bakgrounds are passed through the parton shower Monte Carlo
Pythia 6.4 [47℄ to add initial and nal state radiation (ISR, FSR) and pile-up, and
perform hadronisation. For the bakgrounds we use the MLM presription [48℄ for the
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mathing to avoid double ounting between the matrix-level generator and the parton
shower Monte Carlo. We use the fast simulation AerDET [49℄ whih is a generi LHC
detetor simulation, neither of ATLAS nor of CMS, nding good agreement with our
previous results [1℄.
Proess Deay Events
tt¯nj, n = 0, . . . , 5 semileptoni 6.1 M
tt¯nj, n = 0, . . . , 5 dileptoni 1.5 M
tW all 1.6 M
Wtt¯nj, n = 0, . . . , 4 W → lν 5.1 K
Zbb¯nj, n = 0, . . . , 4 Z → l+l− 200 K
Ztt¯nj, n = 0, . . . , 4 Z → l+l− 1.87 K
WWnj, n = 0, . . . , 3 W → lν 290 K
WZnj, n = 0, . . . , 3 W → lν, Z → l+l− 37.7 K
ZZnj, n = 0, . . . , 3 Z → l+l− 3.74 K
WWWnj, n = 0, . . . , 3 2W → lν 1.47 K
Table 3: Bakground proesses onsidered in the simulations, with nj standing for n
additional jets at the partoni level. The seond olumn indiates the deay modes
inluded (where l = e, µ, τ). The last olumn orresponds to the number of events
after mathing for a luminosity of 30 fb
−1
, with K and M standing for 103 and 106
events, respetively.
We remark that the use of at least a fast simulation of the detetor is essential for
this and other similar studies, beause some of the most important SM bakgrounds
have harged leptons resulting from b quark deays, and these annot be estimated in
a parton-level analysis. In fat, the most reent analyses for supersymmetry searhes
performed with a full detetor simulation [50℄ onrm the well-known fat that tt¯nj
is probably the largest (and most dangerous) SM soure of like-sign dileptons. From
the point of view of the signal, the use of a fast detetor simulation is also neessary
beause some of the ontributions to the multi-leptoni nal states studied arise when
more harged leptons are produed but missed by the detetor.
In the following setions we will take heavy lepton masses mE,N = 300 GeV for our
simulations. Prodution ross setions are independent of the mixing and, exept for
unnaturally small values, the heavy leptons will deay well inside the detetor. Note
that the heavy lepton widths are larger than the b quark width for V & 10−7, and
present indiret onstraints are of order V . 10−1 [51℄. In denite seesaw models,
heavy lepton mixing is also related to light neutrino masses. However, we do not
assume any partiular model-dependent relation between light neutrino masses and
13
heavy lepton mixing. Instead, we assume that heavy leptons only ouple to the rst
generation, bearing in mind that for an arbitrary mixing with the rst two generations
the results obtained would be approximately the same (the signals are equivalent and
at high transverse momenta the SM bakgrounds involving eletrons and muons have
roughly the same size). On the other hand, if E, N only mix with the tau the signals
would be very diult to observe [1℄. For the Z ′λ boson we will onservatively take
a mass of 650 GeV, beause this is approximately the loation of the maximum in
the heavy lepton pair invariant mass distribution for mE,N = 300 GeV when they are
produed by o-shell W/Z bosons. Hene, for suh mass the identiation of an s-
hannel resonane would be more diult. This Z ′λ mass is not exluded by present
Tevatron searhes for tt¯ resonanes. For the Z ′λ model onsidered, the ross setion
into tt¯ nal states (assuming g′ = gY ) is about 0.2 pb, well below the 95% ondene
level limit for this mass, whih is around 0.6 pb [52℄. The Higgs boson mass is taken
as MH = 115 GeV, in whih ase it mainly deays into two jets, H → bb¯, cc¯, gg and
seldom produes leptons, only when H → τ+τ− with τ leptoni deay. For a heavier
Higgs deaying intoW+W−, ZZ, the multi-lepton signals examined here would still be
present but some signals with higher lepton multipliity, originating from heavy lepton
deays involving a Higgs boson and H →W+W−, ZZ, would also be present and might
be of interest. In addition, several SM bakgrounds (for example,W±H → W±W+W−
plus jets) would be enhaned. A dediated analysis is required to examine the preise
disovery potential of eah hannel in suh ase.
Finally, it is worth ommenting here about the statistial presriptions used to
determine a possible disovery. If the bakground an be preisely known or diretly
estimated from data, for instane if the signal shows up as a sharp peak, the statistial
signiane is S0 = S/
√
B, where S, B are the number of signal and bakground events,
respetively. For small B, this estimator is replaed by the P -number using Poisson
statistis. The disovery riteria used in this work are: (i) statistial signiane larger
than 5σ, and (ii) the presene of at least 10 signal events. In most of our results
the luminosity required for disovery does not depend on a very preise bakground
normalisation beause the bakground is tiny, so that the signal signiane is well
above 5σ and the limit is determined by having 10 signal events.
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4 Final state ℓ±ℓ±ℓ∓
This nal state is the most harateristi one of a heavy neutrino, and it an appear
both in E±N and NN prodution, for example in the deay hannels
E+N → ℓ+Z ℓ±W∓ , Z → qq¯/νν¯,W → ℓν ,
E+N → ℓ+H ℓ±W∓ , H → qq¯,W → ℓν ,
NN → ℓ+W− ℓ−W+ , WW → qq¯ℓν , (24)
irrespetively of the Dira or Majorana harater of N . For a lepton triplet, it an also
be produed in several other deays, for example
E+N → ℓ+Z νZ , ZZ → ℓ+ℓ− qq¯/νν¯ ,
E+N → ℓ+Z νH/ℓ+H νZ , Z → ℓ+ℓ−, H → qq¯ . (25)
Note that N → νZ, N → νH do not take plae in the ase of a lepton doublet,
whih an be exploited to distinguish them from triplets. With this aim, we perform
two omplementary analyses for the ℓ±ℓ±ℓ∓ nal state, dividing the sample into two
disjoint ones. First, we perform a generi analysis as in Ref. [1℄, whih an detet
the presene of a heavy neutrino singlet, doublet or triplet deaying in the hannels of
Eqs. (24). In this analysis we rejet events with a Z boson andidate, that is, with an
opposite-harge lepton pair with an invariant mass onsistent with MZ . This sample is
labelled as ℓ±ℓ±ℓ∓ (no Z). In seond plae, we perform a new spei analysis to searh
for the deays in Eqs. (25) and determine whether the neutrino belongs to a triplet.
In this ase we only aept events with a Z boson andidate. This sample is labelled
as ℓ±ℓ±ℓ∓ (Z). The ommon event pre-seletion riteria for the two analyses are: (i)
the presene of two like-sign leptons ℓ1 and ℓ2 with transverse momentum pT > 30
GeV and an additional (and only one) lepton of opposite sign, with pT > 10 GeV; (ii)
two hard jets with pT > 20 GeV. The ut on transverse momenta of the like-sign pair
greatly redues the SM bakground from tt¯nj prodution. The requirement of two
jets is used in the kinematial reonstrution, and also redues the WZnj bakground.
We must point out that this bakground, as simulated with Alpgen, does not inlude
o-shell photons and uses the narrow width approximation for both bosons. The eet
of o-shell photons is important in general [53℄ but in this ase this ontribution is
redued by the high-pT requirement on harged leptons. More important is the eet
of the Z width: the narrow approximation underestimates the bakground for the `no
Z' sample and overestimates it in the omplementary `Z' one. With a omparison of
the reonstruted ℓ+ℓ− distributions for Z/γ∗ and Z on-shell after detetor simulation,
we estimate that for the `no Z' trilepton nal state the bakground an be at most two
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times larger than the values given here. This an be ompensated, at the ost of some
signal eieny loss, by a wider interval for rejetion of events with a Z andidate, and
the disovery potential would be very similar. Model disrimination, of ourse, would
not be aeted.
4.1 Final state ℓ±ℓ±ℓ∓ (no Z)
In this analysis we ask for event seletion the absene of a Z boson andidate: neither
of the two opposite-sign lepton pairs an have an invariant mass loser to MZ than 10
GeV. This is very useful to remove WZnj prodution but also eliminates several of the
signal hannels. We ollet in Table 4 the number of signal and bakground events for
eah proess and model after pre-seletion and seletion uts.
Pre. Sel. Peak Pre. Sel. Peak
E+E− (Σ
M
) 58.1 26.3 5.7 E+E− (NE
d
) 38.3 23.7 5.4
E±N (Σ
M
) 269.2 192.2 86.3 E±N (NE
d
) 393.2 355.1 183.8
E+1 E
−
1 (ΣD) 127.2 80.9 20.0 NN (NEd) 164.4 155.7 87.8
E+2 E
−
2 (ΣD) 0.0 0.0 0.0 E
+E− (E
s
) 8.2 3.1 0.7
E±1 N (ΣD) 502.1 370.2 181.9 NN (Z
′N
M
) 311.0 252.6 143.2
E±2 N (ΣD) 36.1 28.1 3.3 NN (Z
′N
D
) 576.2 481.9 285.5
tt¯nj 236 156 0 WZnj 1540 38 2
Wtt¯nj 54 47 6 ZZnj 86 5 0
Ztt¯nj 151 20 3 WWWnj 17 12 3
Table 4: Number of events in the ℓ±ℓ±ℓ∓ (no Z) sample for the signals and main
bakgrounds with a luminosity of 30 fb
−1
.
The event reonstrution is performed in three steps, following this proedure [1℄:
1. The momentum of the Z or H boson deaying hadronially is reonstruted as
the sum of the momenta of the leading and sub-leading jets.
2. One of the heavy harged leptons L (E or N , depending on the proess) an
be reonstruted from this boson and one of the two like-sign leptons, and the
heavy neutrino N from the two remaining leptons (with opposite harge) and
the missing neutrino momentum. The longitudinal omponent of the neutrino
momentum is negleted for the moment, and the transverse omponent is taken
as the missing energy. There are two possibilities for this pairing, and we hoose
the one giving losest invariant masses for the reonstruted L and N .
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Figure 2: Left: reonstruted heavy lepton masses for the signals in the ℓ±ℓ±ℓ∓ (no
Z) sample. Right: the same for the SM bakground and the bakground plus the
Majorana triplet signal. The luminosity is 30 fb
−1
.
3. The N reonstrution an be rened by inluding the longitudinal neutrino mo-
mentum. We selet among the two harged leptons the least energeti one ℓ
s
,
and require that its invariant mass with the neutrino is MW ,
(pℓ
s
+ pν)
2 =M2W , (26)
taking the transverse omponents of pν as the missing energy. This quadrati
equation determines the longitudinal neutrino momentum up to a twofold am-
biguity, whih is resolved seleting the solution with smaller (pν)z. In ase that
no real solution exists, the transverse neutrino momentum used in Eq. (26) is
dereased until a real solution is found.
The reonstruted heavy lepton masses after seletion riteria are shown in Fig. 2
(left) for the ve models whih give an observable signal. We point out that one of the
resonanes, labelled as N , an be identied as being a neutral lepton, beause the peak
appears in the invariant mass distribution of two opposite-harge leptons plus missing
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energy. The identity of the other resonane, labelled as L, annot be established be-
ause the harge of the hadroni jets annot be measured. In fat, depending on the
proess and the model, it an be a harged or neutral heavy lepton (see Table 4). In
Fig. 2 (right) we show the same distributions for the SM bakground and the bak-
ground plus the Majorana triplet signal, whih is the smallest one. We dene the peaks
as the intervals
240 < mreL < 360 GeV ,
240 < mreN < 360 GeV , (27)
and show in Table 4 the number of signal and bakground events after these uts. The
statistial signiane for 30 fb
−1
of the relevant signals (negleting the bakground
unertainty) is olleted in Table 5, with the luminosity required to ahieve 5σ disov-
ery. Due to the smallness of the bakground, the disovery luminosity is determined
in eah ase by the requirement of having at least 10 signal events. For suh small
luminosities the SM bakground is tiny, around one event or less, and a very preise
normalisation is not very important. Notie also that the signals (and thus the sta-
tistial signiane) are larger for a lepton doublet than for the triplets, despite the
smaller prodution ross setion. This is mainly due to the larger (100%) branhing
ratio of the mode N → ℓ−W+, and also to the presene of N¯N prodution.
S0 L S0 L
Σ
M
24.6 3.3 fb
−1 Z ′N
M
38.3 2.1 fb
−1
Σ
D
54.8 1.5 fb
−1 Z ′N
D
76.3 1.1 fb
−1
NE
d
74.0 1.1 fb
−1
Table 5: Statistial signiane of the relevant signals for 30 fb
−1
, and luminosity L
required to have a 5σ disovery in the ℓ±ℓ±ℓ∓ (no Z) sample.
With the results shown, we observe that this nal state is very sensitive to the
presene of heavy neutrinos in all the models onsidered (exept the one with the
harged singlet, whih does not have a neutral lepton).
4
We an then ask ourselves
whether one ould already distinguish some of these models. This is indeed possible,
although model disrimination probably requires more luminosity than 5σ disovery.
By examination of the heavy lepton pair invariant mass, one an determine if these
leptons are produed by the exhange of an s-hannel resonane, as it is the ase in
4
Note that the sensitivity to Majorana triplets an be improved with a more inlusive analysis
without event reonstrution, and the luminosity required for 5σ disovery an be redued to 1.7
fb
−1
[1℄.
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Figure 3: Left: invariant mass distribution of the heavy lepton pair in the ℓ±ℓ±ℓ∓
(no Z) nal state, after reonstrution uts, normalised to 30 fb−1. Right: possible
experimental result for 10 fb
−1
, where the numbers of signal events are 31 (Σ
M
), 68
(Σ
D
), 92 (NE
d
), 48 (Z ′N
M
) and 95 (Z ′N
D
).
the models with an extra Z ′λ boson. We show in Fig. 3 this kinematial distribution
for the signals only, separating for larity the models in whih the heavy neutrino has
Majorana (up) and Dira nature (down), whih an be distinguished by other means
(see setion 5.1). On the right we show possible experimental results for 10 fb
−1
,
obtained by making random utuations with a Poisson distribution of the bins in the
distributions, and normalising to the total expeted number of events. The bakground
is muh smaller than the signals and has not been inluded. It is quite lear that the
presene of a resonane an be deteted or exluded, possibly with a smaller luminosity,
but we do not address this issue quantitatively.
4.2 Final state ℓ±ℓ±ℓ∓ (Z)
The trilepton sample with a Z boson andidate suers from a largeWZnj bakground.
Nevertheless, several of the deay hannels in Eqs. (25) produe a sharp peak in the
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Pre. Sel. Peak Pre. Sel. Peak
E+E− (Σ
M
) 58.1 24.3 20.5 E+E− (NE
d
) 38.3 6.0 1.8
E±N (Σ
M
) 269.2 66.6 26.5 E±N (NE
d
) 393.2 21.2 4.1
E+1 E
−
1 (ΣD) 127.2 15.7 5.3 NN (NEd) 164.4 7.8 1.1
E+2 E
−
2 (ΣD) 0.0 0.0 0.0 E
+E− (E
s
) 8.2 3.9 3.4
E±1 N (ΣD) 502.1 111.3 51.3 NN (Z
′N
M
) 311.0 54.6 10.6
E±2 N (ΣD) 36.1 7.6 0.9 NN (Z
′N
D
) 576.2 90.1 13.9
tt¯nj 236 66 3 WZnj 1540 1063 65
Ztt¯nj 54 101 5 ZZnj 86 21 1
Table 6: Number of events in the ℓ±ℓ±ℓ∓ (Z) sample for the signals and main bak-
grounds with a luminosity of 30 fb
−1
.
0 100 200 300 400 500 600
mE
rec
0
10
20
30
40
Ev
en
ts
 / 
20
 G
eV
ΣM
ΣD
NEd
Z′NM
Z′ND
l± l± l
±
  (Z)
0 100 200 300 400 500 600
mE
rec
0
50
100
150
200
Ev
en
ts
 / 
20
 G
eV
Bkg + ΣM
Bkg
l± l± l
±
  (Z)
Figure 4: Left: reonstruted heavy harged lepton mass for the signals in the ℓ±ℓ±ℓ∓
(Z) sample. Right: the same for the SM bakground and the bakground plus the
Majorana triplet signal. The luminosity is 30 fb
−1
.
trilepton invariant mass distribution, orresponding to the heavy harged lepton mass
mE . This peak an be observed over the large bakground. As event seletion riteria
we require: (i) a Z boson andidate, with two opposite-harge leptons having an invari-
ant mass betweenMZ−10 GeV andMZ+10 GeV; (ii) missing energy pT6 > 30 GeV. The
number of signal and bakground events after event pre-seletion and seletion is given
in Table 6. The heavy E mass is simply reonstruted as the three-lepton invariant
mass. Its distribution is shown in Fig. 4 (left) for the ve non-negligible signals. For
the lepton triplet the peaks ould be seen over the SM bakground, as it is shown in
the right side of this gure for the Majorana triplet. These results an be understood
with the following onsiderations:
20
S0 L S0 L
Σ
M
5.5 25 fb
−1 Σ
D
6.7 16.6 fb
−1
Table 7: Statistial signiane for 30 fb
−1
of the relevant signals, and luminosity L
required to have a 5σ disovery in the ℓ±ℓ±ℓ∓ (Z) sample.
1. The o-peak ontributions in the lepton triplet models result, for example, from
the deay hannels in Eqs. (25) with N → νZ → νℓ+ℓ−. In this ase the
resonane would be seen in the invariant mass of two jets plus the other lepton,
all of them being E deay produts. However, the orresponding peak is very
broad due to the worse jet energy resolution, and diult to see over the large
WZnj bakground.
2. As expeted, in proesses where a harged lepton is not present, as in Z ′λ → NN ,
the distributions do not display a peak.
3. For a lepton doublet the deay hannel EN → ℓZ ℓ′W , with ℓ′ missed by the
detetor and Z → ℓ+ℓ−, W → qq¯, would also produe a trilepton signal with a
peak atmE . However, this proess is removed by the missing energy requirement,
and the rest of the deay hannels do not have any resonane in the trilepton
invariant mass, as it an be seen in Fig. 4. This feature learly distinguishes a
lepton doublet from a (Majorana or Dira) triplet.
Dening the peak region as
280 < mreE < 320 GeV , (28)
and performing a kinematial ut on this reonstruted mass, we obtain for eah proess
the number of events listed in Table 6. The statistial signiane of the signals and
the luminosity required for 5σ disovery are presented in Table 7. We assume that the
bakground an be aurately normalised with o-peak measurements of the trilepton
invariant mass distribution, as it is apparent in Fig. 4 (right). It is lear that this
sample improves little the global statistial signiane of the trilepton hannel.
5
But
the observation of a positive signal here, with about half the size of the signal in the
sample without Z andidates, is a proof of the triplet nature of the heavy neutrino. And
5
The sensitivity shown here may be signiantly improved by further reduing the bakground
if we ask for the presene of two hard jets and set a more stringent ut on mreE . However, in a
real experiment it may be diult to spot the presene of a peak with small statistis due to the
bakground utuations, and to be onservative we have not performed these optimisations.
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it also proves the presene of a harged heavy lepton, although this an be established
more easily in the four lepton nal state, as it will be shown in setion 6.
5 Final state ℓ±ℓ±
The like-sign dilepton nal state without signiant missing energy is harateristi of
a heavy Majorana neutrino whose deays violate lepton number. It an be produed
in deays suh as
E+N → ℓ+Z ℓ+W− , Z → qq¯,W → qq¯′ ,
E+N → ℓ+H ℓ+W− , H → qq¯,W → qq¯′ ,
NN → ℓ±W∓ ℓ±W∓ , WW → qq¯′qq¯′ . (29)
Large like-sign dilepton signals an also arise from lepton number onserving (LNC)
proesses, most notoriously in
E+2 N¯ → νW+ ℓ+W− , W+ → ℓ+ν,W− → qq¯′ (30)
in the Dira triplet model, being lepton number balaned by nal state neutrinos
(remember that E+2 is a fermion, not an anti-fermion). They an also appear when
more harged leptons are produed but are missed by the detetor, for example
E+N → ℓ+Z ℓ−W+ , Z → qq¯,W → ℓ+ν ,
N¯N → ℓ+W− ℓ−W+ , W− → qq¯′,W+ → ℓ+ν , (31)
with ℓ− missed by the detetor. The presene of suh signals should not onstitute
a surprise, sine several SM proesses, for instane W±W±nj and WZnj prodution,
give like-sign dileptons in this way. Hene, as in the trilepton hannel we will perform
two dierent analyses with disjoint event samples. In the rst one we will, as in
Ref. [1℄, impose seletion riteria to isolate the truly LNV proesses harateristi of
a Majorana fermion. In partiular, we will require the absene of signiant missing
energy. In seond plae we will perform a new analysis for events with large missing
energy, aiming to isolate the large signal from the deay hannel in Eq. (30). The
ommon pre-seletion will be to ask the presene of two like-sign leptons ℓ1 and ℓ2 with
transverse momentum pT > 30 GeV.
5.1 Final state ℓ±ℓ± (no pT6 )
In order to keep only the LNV signals harateristi of a Majorana fermion, we ask for
event seletion (i) missing energy pT6 < 30 GeV, and (ii) the presene of at least four
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Pre. Sel. Peak Pre. Sel. Peak
E+E− (Σ
M
) 21.7 1.6 0.3 E+E− (NE
d
) 10.5 1.2 0.3
E±N (Σ
M
) 658.0 240.0 144.8 E±N (NE
d
) 111.8 6.2 1.9
E+1 E
−
1 (ΣD) 25.6 4.2 0.7 NN (NEd) 47.7 1.9 0.8
E+2 E
−
2 (ΣD) 0.0 0.0 0.0 E
+E− (E
s
) 2.5 0.0 0.0
E±1 N (ΣD) 174.4 9.4 2.7 NN (Z
′N
M
) 433.5 202.1 132.0
E±2 N (ΣD) 472.0 2.9 0.9 NN (Z
′N
D
) 206.0 8.1 3.1
tt¯nj 1412 194 7 WWnj 245 15 3
tW 96 6 0 WZnj 1056 24 1
Wtt¯nj 184 12 1 ZZnj 110 7 1
Table 8: Number of events in the ℓ±ℓ± (no pT6 ) sample for the signals and main
bakgrounds with a luminosity of 30 fb
−1
.
hard jets with pT > 20 GeV. In Table 8 we ollet the number of signal and bakground
events at pre-seletion and seletion. We observe that our seletion uts very eiently
selet only the signals with LNV neutrino deays, rejeting for example a 97.5% of the
large Dira triplet signal. The event reonstrution is performed as follows [1℄:
1. We assoiate eah harged lepton to a pair of jets in all possible ways, using the
four jets with larger pT .
2. Among the six possibilities, we hoose the one minimising the dierene between
the two jj and the two ℓjj invariant masses,
(mj1j2 −mj3j4)2 + (mℓ1j1j2 −mℓ2j3j4)2 . (32)
Note that for the leading signal ontributions two of the jets in priniple orre-
spond to a hadroni W deay and the other two to a Z or Higgs boson deay.
However, if a wrong assignment is made, it is expeted that the invariant mass
dierenes will be larger.
We present in Fig. 5 (left) the reonstruted heavy lepton masses for the two models
with heavy Majorana neutrinos whih are the only ones yielding observable signals.
On the right side we show the same distributions for the SM bakground and the
bakground plus the Majorana triplet signal, whih has a similar size as the Majorana
neutrino singlet one. The presene of new resonanes is apparent and the bakground
normalisation should not be a problem using data away from the peak regions. We
have labelled the resonanes as L1, L2 beause their identity annot be established
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Figure 5: Left: reonstruted heavy lepton masses for the signals in the ℓ±ℓ± (no
pT6 ) sample. Right: the same for the SM bakground and the bakground plus the
Majorana triplet signal. The luminosity is 30 fb
−1
.
(their harge is not measured). Atually, for the Majorana triplet signal they are in
most ases a harged lepton and a neutral one, while for the Z ′λ model both resonanes
are neutral (see Table 8). Therefore, the observation of this signal alone points towards
the existene of a Majorana (and hene eletrially neutral) fermion but its harge is
not diretly measured as in the trilepton nal state.
We dene the peak regions as
250 < mreL1 < 350 GeV ,
250 < mreL2 < 350 GeV , (33)
and show in Table 8 the number of signal and bakground events after these uts. The
statistial signiane of the signals for 30 fb
−1
(negleting the bakground unertainty)
is olleted in Table 9, with the luminosity required to ahieve 5σ disovery. Due to the
smallness of the bakground, the disovery riterion is again ontrolled by the require-
ment of having at least 10 signal events, and an aurate bakground normalisation is
not ruial beause for the disovery luminosities it is very small, around one event.
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S0 L S0 L
Σ
M
35.0 2.1 fb
−1 Z ′N
M
38.3 2.3 fb
−1
Table 9: Statistial signiane for 30 fb
−1
of the relevant signals, and luminosity L
required to have a 5σ disovery in the ℓ±ℓ± (no pT6 ) sample.
We also address here the disrimination of the two models with Majorana neutrinos
in the like-sign dilepton nal state. This an easily be done with the heavy lepton pair
invariant mass distribution, shown in Fig. 6, whih displays a peak for the prodution
by an s-hannel Z ′ boson and is more at for the lepton triplet. In the same gure we
show on the right panel a possible experimental result for 10 fb
−1
, obtained with random
utuations with a Poisson distribution of the bins of the distributions, normalised to
the expeted total number of events. Both models give quite dierent results, and the
disrimination seems easy one that suient luminosity is olleted.
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Figure 6: Left: invariant mass distribution of the heavy lepton pair in the ℓ±ℓ± (no
pT6 ) sample, after reonstrution uts. Right: possible experimental result for 10 fb−1.
5.2 Final state ℓ±ℓ± (pT6 )
The seletion riteria to isolate the LNC dilepton signals from Dira triplets are: (i)
large missing energy pT6 > 50 GeV; (ii) a transverse momentum pT > 100 GeV for the
leading harged lepton; (iii) at least two hard jets with pT > 20 GeV. The number
of signal and bakground events is gathered in Table 10. Notie that the Majorana
triplet also produes a large signal, from a deay similar to the one in Eq. (30) but with
lepton number violation (in this model E+ is an anti-fermion). The triplet signals are
reonstruted as follows:
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Pre. Sel. Peak Pre. Sel. Peak
E+E− (Σ
M
) 21.7 11.9 1.8 E+E− (NE
d
) 10.5 4.1 0.3
E±N (Σ
M
) 658.0 215.7 84.9 E±N (NE
d
) 111.8 49.2 6.8
E+1 E
−
1 (ΣD) 25.6 10.0 0.7 NN (NEd) 47.7 23.9 5.4
E+2 E
−
2 (ΣD) 0.0 0.0 0.0 E
+E− (E
s
) 2.5 1.5 0.5
E±1 N (ΣD) 174.4 90.4 14.8 NN (Z
′N
M
) 433.5 100.6 34.1
E±2 N (ΣD) 472.0 301.5 155.9 NN (Z
′N
D
) 206.0 90.4 22.0
tt¯nj 1412 56 3 WWnj 245 72 6
tW 96 9 0 WZnj 1056 72 1
Wtt¯nj 184 55 1 ZZnj 110 0 0
Table 10: Number of events in the ℓ±ℓ± (pT6 ) sample for the signals and main bak-
grounds with a luminosity of 30 fb
−1
.
1. We rst reonstrut theW mass as the invariant mass of the two jets with largest
transverse momentum. The result is shown in Fig. 7 (up).
2. There are two possible pairings with the two harged leptons, ℓ1jj and ℓ2jj, to
reonstrut the heavy lepton invariant mass. We use both to onstrut a plot with
two entries per event shown in the same gure (middle), whih learly displays
a peak at the true mass for the triplet signals, and small peaks also for the rest.
This plot an be used to determine the resonane mass.
3. The reonstrution is ompleted seleting among the two possibilities the one
giving a reonstruted mass lose to the value determined from the peak in the
previous distributions. This hoie introdues some bias in the non-triplet signals
and the SM bakground, as seen in Fig. 7 (down) but keeps the signal larger.
Notie that despite the appearane of small peaks in the non-triplet signals the dif-
ferenes with the lepton triplet are huge. We perform kinematial uts around the
peaks,
60 < mreW < 100 GeV ,
260 < mreL < 340 GeV , (34)
whih are suient to redue the bakground. The orresponding numbers of events are
given in Table 10. The statistial signiane of the signals, ignoring the bakground
unertainty, is given in Table 11, with the luminosity required to have a 5σ signiane.
For the Majorana and Dira triplet signals, whih are quite large and observable already
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Figure 7: Up: reonstruted W mass for the signals (left) and the Dira triplet signal
with bakground (right) in the ℓ±ℓ± (pT6 ) sample. Middle: the same for the ℓ1jj
and ℓ2jj invariant mass distribution (two entries per event). Down: the same for the
reonstruted heavy lepton mass. The luminosity is 30 fb
−1
.
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with very small luminosity, the bakground normalisation is not ruial. In the rest
of models the gures in Table 11 are optimisti but this even enfores our argument,
whih is to point out that lepton triplet signals an be seen in this nal state while for
the rest of models the signals are muh harder to observe.
S0 L S0 L
Σ
M
23.3 3.5 fb
−1 Z ′N
M
9.2 13 fb
−1
Σ
D
46.1 1.8 fb
−1 Z ′N
D
5.9 22 fb
−1
NE
d
3.4 66 fb
−1
Table 11: Statistial signiane for 30 fb
−1
of the relevant signals, and luminosity L
required to have a 5σ disovery in the ℓ±ℓ± (pT6 ) sample.
6 Final state ℓ+ℓ+ℓ−ℓ−
This four-lepton signal an be produed in several deay hannels of E+E− and E±N
pairs, both in the ase of lepton doublets and triplets, for example
E+E− → ℓ+Z ℓ−Z , ZZ → ℓ+ℓ−qq¯/νν¯ ,
E+E− → ℓ+Z ℓ−H/ℓ+H ℓ−Z , Z → ℓ+ℓ−, H → qq¯ ,
E+E− → νW+ℓ−Z/ℓ+ZνW− , Z → ℓ+ℓ−,W → ℓν ,
E±N → ℓ±Z ℓ−W+ , Z → ℓ+ℓ−,W → qq¯′ . (35)
For a harged singlet the signal may also result from the E+E− deays indiated, but
the ross setion is muh smaller. This signal is muh leaner than the two previous
ones, and our event seletion riteria muh looser. For pre-seletion we hoose events
having four harged leptons with zero total harge, two of them with transverse mo-
mentum pT > 30 GeV and the remaining ones with pT > 10 GeV. For seletion we
require that opposite-harge leptons annot be paired in suh a way that both pairs
have a mass loser toMZ than 5 GeV. This latter ondition is obviously inluded to re-
due the ZZnj bakground, but hardly aets the signals nor the rest of bakgrounds.
The number of signal and bakground events at the two stages of event seletion is
olleted in Table 12. The event reonstrution is performed following the proedure
in Ref. [1℄, analogous to the one used for ℓ±ℓ± signals with missing energy:
1. First, the two harged leptons oming from the Z boson deay are identied,
seleting among the three possibilities the opposite sign pair ℓ+a ℓ
−
b whih has an
invariant mass losest to MZ .
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Pres. Sel. Peak Pres. Sel. Peak
E+E− (Σ
M
) 37.1 36.7 29.8 E+E− (NE
d
) 41.6 41.2 34.2
E±N (Σ
M
) 26.2 25.8 16.0 E±N (NE
d
) 79.3 78.6 54.8
E+1 E
−
1 (ΣD) 137.6 135.8 111.4 NN (NEd) 38.2 38.2 12.0
E+2 E
−
2 (ΣD) 0.0 0.0 0.0 E
+E− (E
s
) 5.2 5.1 4.0
E±1 N (ΣD) 83.5 82.6 56.8 NN (Z
′N
M
) 62.3 62.0 (18.1)
E±2 N (ΣD) 0.0 0.0 0.0 NN (Z
′N
D
) 130.7 128.9 (41.5)
tt¯nj 30 30 1 Ztt¯nj 20 20 2
Zbb¯nj 11 11 0 ZZnj 599 129 7
Table 12: Number of ℓ+ℓ+ℓ−ℓ− events for the signals and main bakgrounds with a
luminosity of 30 fb
−1
.
2. Then, the presene of a heavy harged lepton is investigated using a plot with
two entries per event, orresponding to the invariant mass of the Z andidate
plus one of the remaining harged leptons, m(ℓ+a ℓ
−
b ℓc) and m(ℓ
+
a ℓ
−
b ℓd).
3. One that the loation of the peak is found, we an determine whih leptons
are the E deay produts by hoosing between the two possibilities ℓ+a ℓ
−
b ℓc and
ℓ+a ℓ
−
b ℓd, the one giving an invariant mass losest to mE . The reonstruted E
mass mreE is then the three-lepton invariant mass.
We show in Fig. 8 how this proedure would work. In the upper left panel we show
the ℓ+a ℓ
−
b ℓc, ℓ
+
a ℓ
−
b ℓd invariant mass distribution for the ve sizeable signals. Those with
a heavy harged lepton exhibit a peak, as expeted, while for the rest the distributions
are broad. On the upper right panel we show the same distribution for the bakground
and also inluding two of the signals: the Majorana triplet (whih has a resonane) and
the Majorana singlet (whih does not) to illustrate the dierene. In the latter models,
a four-lepton exess would be deteted over the bakground but not orresponding to
a harged resonane. One that a peak is found, the E mass an be reonstruted, as
shown in Fig. 8 (down, left) for the signals whih display a peak. It is important to
note that the seletion between the two reonstruted mass values does not signiantly
bias the bakground, as seen in the lower right panel. We take the peak region as the
interval
280 < mreE < 320 GeV , (36)
and perform a kinematial ut to nd the signal signianes. The number of events
at the peak are given in Table 12. For ompleteness, we give in parentheses the num-
29
0 100 200 300 400 500 600
ml
a
+lb
−l
c
 , ml
a
+lb
−ld
0
20
40
60
80
100
120
2 
×
 
Ev
en
ts
 / 
10
 G
eV
ΣM
ΣD
NEd
Z′NM
Z′ND
l+ l+l−l−
0 100 200 300 400 500 600
ml
a
+lb
−l
c
 , ml
a
+lb
−ld
0
10
20
30
40
50
60
2 
×
 
Ev
en
ts
 / 
10
 G
eV
Bkg + ΣM
Bkg + Z′NM
Bkg
l+ l+l−l−
0 100 200 300 400 500 600
mE
rec
0
20
40
60
80
100
Ev
en
ts
 / 
10
 G
eV
ΣM
ΣD
NEd
l+ l+l−l−
0 100 200 300 400 500 600
mE
rec
0
5
10
15
20
25
30
Ev
en
ts
 / 
10
 G
eV
Bkg + ΣM
Bkg
l+ l+l−l−
Figure 8: Up, left: ℓ+a ℓ
−
b ℓc, ℓ
+
a ℓ
−
b ℓd invariant mass distribution for the ve signiant
signals in the ℓ+ℓ−ℓ+ℓ− nal state (with two entries per event). Up, right: the same
for the SM bakground and the bakground plus two of the signals. Down, left: re-
onstruted heavy harged lepton masses for several of the signals in this nal state.
Down, right: the same for the SM bakground and the bakground plus the Majorana
triplet signal. The luminosity is 30 fb
−1
.
ber of events for the non-resonant signals. The statistial signiane (negleting the
bakground unertainty) and the luminosity required for a 5σ disovery are given in
Table 13.
S0 L S0 L
Σ
M
14.2 6.6 fb
−1 NE
d
31.3 3.0 fb
−1
Σ
D
52.2 1.8 fb
−1
Table 13: Statistial signiane for 30 fb
−1
of the relevant signals, and luminosity L
required to have a 5σ disovery in the ℓ+ℓ−ℓ+ℓ− nal state.
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7 Summary: model disrimination
The results in the previous setions an be summarised in Table 14, whih ollets the
luminosities required for 5σ disovery for eah model and deay hannel. The trilepton
nal state is split into the sample without Z andidates (no Z) and with a Z andidate
(Z), and the like sign dilepton into samples without and with missing energy. The
data in this table make apparent that the dierent models onsidered give dierent
signals, and the omplementarity of the hannels studied make it possible to identify
the nature of a signal eventually observed at LHC.
ℓ±ℓ±ℓ∓ (no Z) ℓ±ℓ±ℓ∓ (Z) ℓ±ℓ± (no pT6 ) ℓ±ℓ± (pT6 ) ℓ+ℓ+ℓ−ℓ−
Σ
M
3.3 25 2.1 3.5 6.6
Σ
D
1.5 17  1.8 1.8
NE
d
1.1    3.0
E
s
    
Z ′N
M
2.1 P  2.3 P 13 
Z ′N
D
1.1 P   22 
Table 14: Luminosities (in fb
−1
) required for 5σ disovery for the models in the left
olumn in the nal states indiated. The presene of a peak in the heavy lepton pair
invariant mass is indiated with a P. A dash indiates an unobservable signal, or a
disovery luminosity larger than 30 fb
−1
.
All the models exept the harged lepton singlet (whih will be ommented below)
give signals in the ℓ±ℓ±ℓ∓ (no Z) nal state, and searhes in this hannel are very
sensitive to the presene of a heavy Dira or Majorana neutrino in a singlet, doublet
or triplet representation. For an integrated luminosity of 100 fb
−1
, the approximate
mass reah of this nal state for the dierent models with heavy neutrinos is of 675
GeV (Σ
M
), 800 GeV (Σ
D
), 850 GeV (NE
d
), 850 GeV (Z ′N
M
) and 1 TeV (Z ′N
D
) for 5σ
evidene. Model disrimination is possible with the analysis of the remaining signals:
1. Dira / Majorana: the presene of like-sign dilepton signals without missing
energy indiates the Majorana nature of the neutrino (models Σ
M
, Z ′N
M
) and
its absene its Dira nature (models Σ
D
, NE
d
or Z ′N
D
).
2. Majorana triplet (Σ
M
) / Majorana singlet (Z ′N
M
): these an be easily distin-
guished beause the former gives (i) four-lepton signals; (ii) muh larger like-sign
dilepton signals with missing energy; and (iii) a signal (with a peak at mE) in
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the ℓ±ℓ±ℓ∓ (Z) nal state, while the latter gives (iv) a peak in the heavy lepton
pair invariant mass distribution, in the ℓ±ℓ±ℓ∓ (no Z) and ℓ±ℓ± nal states.
3. Dira singlet (Z ′N
D
) / lepton doublet and Dira triplet (NE
d
, Σ
D
): the Dira
singlet (i) does not give four lepton signals as the others; (ii) it has a peak in the
heavy lepton pair invariant mass distribution.
4. Lepton doublet (NE
d
) / Dira triplet (Σ
D
): these the most alike signals, but
they an nevertheless be distinguished by the presene in the ase of the triplet
of (i) a large like-sign dilepton signal with missing energy; (ii) muh larger four
lepton signals, as large as the trilepton ones; and (iii) a signal in the ℓ±ℓ±ℓ∓ (Z)
nal state.
Finally, we omment on the harged singlet model. The signals in this ase are unob-
servable due to their small ross setion. (Signals in the opposite-harge dilepton han-
nel are diult to see even for the lepton triplet beause of the large bakgrounds [1,2℄,
and for the harged singlet they are even smaller than in those models.) However, in a
model with a Z ′ boson oupling to them, harged singlet prodution would be enhaned
as it is for neutrino singlets. In suh ase, their presene would be haraterised by:
(i) four lepton signals with a reonstrutable peak at mE ; (ii) absene of ℓ
±ℓ±ℓ∓ (no
Z) signals or small ones; (iii) absene of like-sign dilepton signals.
8 Conlusions
In order to be adequate for new physis searhes, a nal state signature must have
two properties: rst, it has to be sensitive to new physis, i.e. to be a possible signal
produed in models beyond the SM; seond, it must have a small bakground, at least
ompared to the signals expeted. The trilepton nal state ℓ±ℓ±ℓ∓ shares both features
for heavy neutrino searhes at LHC: it is sensitive to Majorana or Dira neutrinos in
triplet, doublet or singlet SU(2)L representations and it has a small SM bakground.
The broad sensitivity of this nal state, apparent with a glane at Table 14, is unique
beause other lean signals, as for example like-sign dileptons without missing energy,
are produed by heavy Majorana neutrinos but not by Dira neutrinos. Moreover, the
trilepton nal state is the only one in whih the presene of a neutral heavy partile
(reonstruted as a peak in the invariant mass of two opposite-harge leptons plus
missing energy) an be established. And, with a higher luminosity, it an establish the
triplet nature of the heavy neutrino. On the other hand, the trilepton SM bakground
an be pratially removed with adequate event seletion riteria. For these reasons,
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the trilepton nal state an properly be onsidered as the golden hannel for heavy
neutrino searhes at LHC.
The like-sign dilepton nal state is essential to eluidate the Majorana or Dira
harater of a heavy neutrino. Large ℓ±ℓ± signals are produed in several of the models
studied, not only from LNV proesses (as in the ase of a heavy Majorana neutrino)
but also from LNC ones (as for a Dira triplet), being the main dierene the presene
of nal state neutrinos in the latter ase. Therefore, we have performed two dierent
analyses for the like-sign dilepton nal state. In the rst one our seletion riteria,
in partiular the absene of signiant missing energy, suppress the like-sign dilepton
signals produed in LNC proesses and eiently isolate the true LNV ones, so that an
eventually observed signal would orrespond to a Majorana neutrino and its absene
would indiate its Dira harater. In the seond one we have required the opposite:
large missing energy. With this novel analysis we have found that Dira triplets give
large and observable ℓ±ℓ± signals with large missing energy, while doublets and singlets
do not. This is a notable result, beause like-sign dileptons are usually regarded as a
harateristi signature of Majorana, not Dira fermions. (Of ourse, the dierene in
our analysis is the requirement of large missing energy, otherwise LNC signals would be
suppressed.) This dilepton signal is very distintive, and ould be used to disriminate
Dira triplets from the other models with a heavy Dira neutrino.
The third nal state examined, ℓ+ℓ+ℓ−ℓ−, proves the presene of a heavy harged
lepton E, with the observation of a sharp peak in a trilepton invariant mass distri-
bution. Moreover, it an easily determine the triplet, doublet or singlet harater of
the neutrino, ombined with the information from the like-sign dilepton nal state.
The harged singlet would also give a lean signal in this sample if its prodution is
enhaned, e.g. by the presene of a Z ′ boson. The information of this four lepton
hannel is omplemented by other indiations, suh as the observation of a peak at
mE in the trilepton nal state with a Z andidate, or of a resonane in the heavy
lepton pair invariant mass distribution, whih help identify the underlying model with
a luminosity not muh larger than the one required for 5σ disovery. Additional nal
states studied in Refs. [1,2℄, for example ℓ±ℓ±ℓ±ℓ∓ and ℓ±ℓ±ℓ±, would provide further
information but only at muh larger integrated luminosities.
In onlusion, in this paper we have shown that, if a positive signal of new heavy
leptons is found, the six models onsidered an be disriminated already at LHC with
the study of multi-lepton signals, without the need of heavy lepton oupling measure-
ments at future olliders. An extra bonus of our omparative analysis is that it provides
a guide of onsisteny heks to be performed (and nal states to be investigated) in
ase that a multi-lepton event exess ompatible with heavy lepton pair prodution
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is found at LHC. We have assumed the Higgs boson to be light, as preferred by ele-
troweak preision data, taking a mass of 115 GeV. For a heavier Higgs the results are
expeted to be similar although a dediated analysis is required. Our study has been
done at the level of a fast detetor simulation of all the signal ontributions (whih is a
non-trivial task) and the relevant SM bakgrounds. The former is important, beause
there are many possible deay hannels for the heavy leptons, and usually several of
them ontribute to a nal state with a given harged lepton multipliity. The latter is
important as well. Although our simulation is not as detailed as one with a omplete
detetor desription, it inorporates some of the features found in real experiments,
whih parton-level analyses fail to orretly estimate. But of ourse, a full detetor
simulation is desirable, and it will have to be performed in order to ompare the pre-
ditions for new lepton signals with the forthoming LHC data.
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A Partial widths for heavy lepton deays
We give here the partial widths for heavy lepton deays in the dierent models onsid-
ered, omitting the vanishing ones. For the Majorana triplet we have
Γ(E+ → ν¯W+) = g
2
32π
|VlN |2 m
3
E
M2W
(
1− M
2
W
m2E
)(
1 +
M2W
m2E
− 2M
4
W
m4E
)
≡ ΓνW ,
Γ(E+ → l+Z) = g
2
64πc2W
|VlN |2m
3
E
M2Z
(
1− M
2
Z
m2E
)(
1 +
M2Z
m2E
− 2M
4
Z
m4E
)
≡ ΓlZ ,
Γ(E+ → l+H) = g
2
64π
|VlN |2 m
3
E
M2W
(
1− M
2
H
m2E
)2
≡ ΓlH ,
Γ(N → l−W+) = g
2
64π
|VlN |2 m
3
N
M2W
(
1− M
2
W
m2N
)(
1 +
M2W
m2N
− 2M
4
W
m4N
)
≡ ΓlW ,
Γ(N → l+W−) = ΓlW ,
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Γ(N → νlZ) = g
2
64πc2W
|VlN |2m
3
N
M2Z
(
1− M
2
Z
m2N
)(
1 +
M2Z
m2N
− 2M
4
Z
m4N
)
≡ ΓνZ ,
Γ(N → νlH) = g
2
64π
|VlN |2 m
3
N
M2W
(
1− M
2
H
m2N
)2
≡ ΓνH . (37)
For the Dira triplet,
Γ(E+2 → νlW+) = ΓνW , Γ(N → l−W+) = ΓlW ,
Γ(E−1 → l−Z) = ΓlZ , Γ(N → νlZ) =
1
2
ΓνZ ,
Γ(E−1 → l−H) = ΓlH , Γ(N → νlH) =
1
2
ΓνH . (38)
For the isodoublet the only non-vanishing ones are
Γ(E+ → l+Z) = 1
2
ΓlZ , Γ(N → l−W+) = ΓlW ,
Γ(E+ → l+H) = 1
2
ΓlH , (39)
while for the isosinglet E we have
Γ(E+ → νlW+) = 1
2
ΓνW ,
Γ(E+ → l+Z) = 1
2
ΓlZ ,
Γ(E+ → l+H) = 1
2
ΓlH . (40)
The widths for a heavy Majorana neutrino singlet are the same as for the triplet,
Γ(N → l−W+) = ΓlW ,
Γ(N → l+W−) = ΓlW ,
Γ(N → νlZ) = ΓνZ ,
Γ(N → νlH) = ΓνH , (41)
and for a Dira neutrino singlet they are
Γ(N → l−W+) = ΓlW ,
Γ(N → νlZ) = 1
2
ΓνZ ,
Γ(N → νlH) = 1
2
ΓνH . (42)
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